Contact and fumigant toxicity of the three essential oils, viz., cardamom (Elletaria cardamomum Maton), Cinnamon (Cinnamomum aromaticum Nees), and Clove (Syzygium aromaticum (L.) Merr. and Petry) were tested against the red flour beetle, Tribolium castaneum (Herbst) larvae and adults. Residual film bioassay was employed in Petri dish (5 cm dia.) for contact toxicity studies and 6cm × 1.8cm glass vials were used for testing fumigation actions. Three day old adults and 10-day old larvae were equally susceptible to the contact toxicity of cinnamon oil, with LD50 values of 0.074 and 0.196 mg cm -2 respectively. Cardamom oil provided higher toxicity to 14-day and 18-day old larvae having LD50 value of 0.10mg cm -2 . In fumigation bioassay cinnamon oil provided the highest toxicity to adult and 10-, 14-, and 18-day old larvae, with LD50 values of 0.03, 0.05, 0.088 and 0.09 mg cm -3 respectively. Furthermore, 10-day old larvae were more tolerant than the adults to the contact toxicity of the essential oils, but 14-day old larvae had the same susceptibility as the adults. In contact and fumigation toxicity adults and all stages of larvae were more resistant to clove oil.
Introduction
The red flour beetle, Tribolium castaneum (Herbst) is one of the major pests of stored grains and grain products in the tropics. The control of this insect relies heavily on the use of synthetic insecticides and fumigants, which has led to problems such as disturbances of the environment, increasing costs of application, pest resurgence, pest resistance to pesticides and lethal effects on non-target organisms in addition to direct toxicity to users. An alternative to synthetic pesticides is the use of natural compounds, * such as essential oils that result from secondary metabolism in plants. The toxicity of a large number of essential oils and their constituents have been evaluated against a number of stored-product insects (Paranagama et al. 2003) .
Essential oils are commercially used in four primary aspects: as aromas in fragrances and perfumes, as flavouring food additives, as pharmaceuticals, and as insecticides. They recently have received much attention due to their multi-functions as antimicrobial, antifungal, antitumor and insecticidal agents (de Souza et al. 2005) . Essential oils and especially their main compounds monoterpenoids, offer promising alternatives to classical fumigants (Peterson and Ems-Wilson 2003, Aslan et al. 2004) . Essential oils are volatile and can act like fumigants offering the prospect for use in stored-product protection (Lee et al. 2001 (Lee et al. , 2002a (Lee et al. ,b, 2004 , contact insecticides (Tapondjou et al. 2002, Peterson and Ems-Wilson 2003) , antifeedent or repellent effects (Kim et al. 2003a ,b, Park et al. 2003a ,b, García et al. 2005 and may also affect some biological parameters such as growth rate, life span and reproduction (Tunç et al. 2000 , Kathuria and Kaushik 2005 , Rahmat et al. 2006 .
In the present experiment three essential oils, e.g. cardamom, Elletaria cardamomum (L.), cinnamon (Cinnamomum aromaticum Nees) and clove (Syzygium aromaticum L. Meer and Perry) were tested in a series of toxicological experiments in order to determine their contact and fumigant effects on T. castaneum.
Materials and Methods

Biological materials
T. castaneum were used in this study. All larvae and adults were obtained from laboratory cultures maintained in the incubators at 30 ± 1ºC and 70 ± 5% r.h at dark. The beetles were reared on wheat flour mixed with yeast (10:1 w:w). The larvae of T. castaneum used in contact and fumigant toxicity experiments were 10-, 14-and 18-days old and adults were three to four days post-eclosion. All essential oils were procured from the pharmacy as of 90% purity and were further purified in the rotary evaporator in the Crop protection and Toxicology Laboratory, Department of Zoology, Rajshahi University.
Contact Bioassay
Series of dilutions of essential oils were prepared using acetone as a solvent. Aliquots of 1 ml of the dilutions were applied into 6 cm dia. petridishes for surface-film bioassay (Busvine 1971) . The solvent was allowed to evaporate for 1 hour and the treated insects were transferred to petridishes. Controls were treated with acetone alone. Fifteen adults or larvae of the species were used for each concentration and 20 adults or larvae were used for control. The petridishes were kept in the incubator and mortality was observed after 24 h.
Fumigant bioassay
Series of dilutions of essential oils were prepared using acetone as a solvent. Glass vials (6 cm long, 1.8 cm dia.) capped with polypropylene stoppers were used for the bioassays. Adult or larvae were transferred to the vials in groups of ten individuals and the vials were covered with fine nylon cloth secured with adhesive tape. Aliquots of 0.05 ml of the dilution were placed into similar vials. After evaporating the solvent, the vials containing the insects were turned upside down over the vials containing the oil so that the oil vapours saturated the atmosphere of the vials containing the beetles. Four replications of each treatment were set up. Controls were maintained in the similar way with the solvent only. The vials were kept in the incubator and mortality was observed after 24 h pose-exposure.
Data analysis
Mortality data were corrected using Abbott's formula (Abbott 1925) . The observed data were subjected to probit analysis according to Finney (1947) and Busvine (1971) using a software developed at the Department of Agricultural and Environmental Science, University of Newcastle Upon Tyne, U K.
Results
In surface-film bioassay cinnamon oil offered the highest toxicity to adults and 10-day old larvae, whereas cardamom oil provided the maximum toxicity to 14-and 18-day old larvae. Cinnamon oil vapour (by fumigation) caused the highest mortality of various life stages of T. castaneum at LD50 level (Table 1) . The adult were more susceptible than larvae to contact and fumigant actions. As the larvae grew older, they became less susceptible. Among the three essential oils clove oil was less toxic to T. castaneum to the contact and fumigation actions. In contrast to contact toxicity, adults were susceptible to the fumigant toxicity of all the three essential oils, and they were more susceptible than larvae. 
Discussion
Cardamom oil was generally a more effective contact poison and fumigant against the adults of T. castaneum. These findings are similar to those of nutmeg oil . The essential oil of garlic was more toxic to T. castaneum than to S. zeamais by contact (Ho et al. 1996) , while cinnamaldehyde, the main constituent of cinnamon oil, exerted equal contact toxicity to both T. castaneum and Sitophilus zeamais (Huang and Ho 1998) . T. castaneum adults showed similar susceptibility to the contact of cinnamaldehyde, having an LC50 of 0.7 mg cm -2 . However, it had higher fumigant toxicity with an LC50 of 0.28 mg cm -2 . The larvae became less susceptible to both contact and fumigant toxicity of cinnamaldehyde with age (Huang and Ho 1998) . Contact toxicities of cardamom oil were tested by Huang et al. (2000) . They observed that adults of S. zeamais and T. castaneum were equally susceptible to the contact toxicity of the cardamom oil at the LD50 values of 56 and 52 mg mg -1 insect respectively. Furthermore, 12-day old larvae of T. castaneum were more tolerant than the adults to the contact toxicity of the oil, but 14-and 16-day old larvae had the same susceptibility as the adults.
The essential oil of garlic (Ho et al. 1996) as well as the n-hexane extract of star anise (Ho et al. 1995) and its main constituent, anethole were more toxic to T. castaneum. On the other hand, the nhexane extract of clove flower buds (Ho et al. 1994 ) and its main constituent, eugenol were more toxic to T. castaneum and S. zeamais. Cinnamaldehyde is a more potent insecticide against T. castaneum than anethole and eugenol. Therefore, cinnamaldehyde is more advantageous as a contact poison as it is equally effective against both species of insects. The larvae of T. castaneum were progressively more tolerant to cinnamaldehyde with age, a trend similarly observed with the hexane extracts of clove (Ho et al. 1994 ) and star anise (Ho et al. 1995) as well as the essential oil of garlic (Ho et al. 1996) . As in the case of contact toxicity, a similar trend was observed in the fumigant toxicity test to T. castaneum larvae, and the larvae became less susceptible to cinnamaldehyde with age.
A direct comparison of the potency of contact toxicities of the essential oils could not be made because different experimental methods were employed. These studies suggest that cardamom oil may be a potential grain protectant by killing various life stages of T. castaneum through contact and fumigant actions. This study suggests that cinnamon, cardamom and clove could be potent grain protectants due to their contact and fumigant activities against the T. castanium. The advantages of using essential oils as a grain protectants are: (1) they can be easily extracted by steam distillation; (2) they have very low toxicity to mammals since the popular spices consumed by people in various parts of the world; and (3) the essential oils are volatile and this can be potentially used fumigants.
